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Introduction
Bonded tightly in plane and stacked with weak van der Waals force, two-dimensional (2D) materials have attracted increasing attention over the past decade owing to their unique structures and physical properties. [1] [2] [3] [4] [5] [6] To date, 2D materials are comprised of graphene, black phosphorus (BP), transition metal dichalcogenides (TMDs), boron nitride (BN) and so forth. Among them graphene was first discovered and studied as early as 2004. [7] Because of the reduced feature dimensions, quantum confinement effects in 2D systems are particularly significant. [8] [9] [10] With weaker dielectric screening in a several-nanometer or even atomic thickness, a stronger Coulomb interactions occur. 2D systems provide an open platform for exploring novel physical phenomena and mechanisms. For instance the breaking of inversion symmetry and strong valley-spin coupling in TMDs cause them to exhibit valley-dependent circular dichroism, [11] [12] [13] [14] and scaling the material from multilayer to monolayer can realize an indirect-to-direct bandgap transition. [15] [16] [17] [18] Therefore much effort has been devoted in seeking for various applications based on 2D materials, and the study of photodetectors based on 2D materials is a hot research field. [4, 17, [19] [20] [21] [22] Photodetectors are one type of sensor that can convert photons into electrical signals. They are so important as to be used in video imaging, motion monitoring, night vision devices, remote sensing and so forth. According to the energy of photons detected (or the light wavelength), photodetectors can be generally categorized as to being X-ray, ultraviolet (UV), visible, infrared (IR) and terahertz (THz) detectors, as referenced in the electro-magnetic spectrum (see Figure 1a) . Semiconductors are the most adopted material to fabricate photodetectors. For many years, traditional semiconductor films (TSMs) like Si, InGaAs and HgCdTe have dominated the commercial photodetector market due to their high performance as well as the mature large-scale production and integration technologies. [23] [24] [25] [26] [27] Figure 2 depicts the development of traditional photoelectric detectors for wavelengths from UV to IR. High-performance photovoltaic infrared photodetectors based on thin-film materials such as HgCdTe, InSb, InGaAs, and Type-II superlattice with specific detectivity of 10 11 -10 13 Jones have been widely used for earth observation, environment monitoring, target discrimination and identification, and remote sensing. [25, 27] Despite of the fact that TSMs would still dominate the main photodetector market for a long time, novel photodetectors based on 2D materials have emerged because of their uniqueness such as flexibility, room temperature detection and broadband coverage. [28] [29] [30] [31] Compared with traditional bulk materials, 2D materials have several natural advantages as photodetectors. First, 2D materials are sensitive over a wide range of the electromagnetic spectrum. Graphene is famous for its zero bandgap and linear dispersion near the Dirac point. [37] This enables injection of photogenerated carriers by light absorption over a wide energy spectrum from UV to IR and even THz. [38] The bandgap of TMDs varies from less than 1 eV to well above 2.5 eV, corresponding to visible and near infrared (NIR) photo detectors. [39] BP has a bandgap of 0.3 eV in its bulk form, while the bandgap is expected to increase monotonically to around 2 eV by reducing the thickness to monolayer. [40] Additionally, its arsenic alloys (black P (1-x) As x ) exhibits a tunable bandgap of 0.15-0.3 eV, which is a potential alternative for mid-infrared (MIR) photodetection. [41, 42] The bandgap and detection range of different 2D material photo detectors (2DPDs) are summarized in Figure 1b . Second, the surfaces of 2D materials are free of dangling bonds. This means different 2D materials can be integrated beyond the restriction of lattice matching, resulting in vertical atomically thin heterojunctions. [43] And the growth of 2D materials on various substrates becomes possible. [44, 45] Moreover, naturally passivated surfaces prevent the 2D-material-based devices from suffering from surface leakage current, which is a key issue needing rigorous treatment in processing technologies of semiconductor films. Third, 2D semiconductors can strongly interact with incident light regardless of the atomic-thickness-induced high transparency. [46] Due to the reduced feature dimension, there could be sharp peaks in the density of states (DOS) at a certain energy. [46, 47] For some 2D semiconductors such as MoS 2 and WSe 2 , this happens to result in singularities near the conduction and valence band edges, causing an enormously increased absorption probability of photons with energy close to the bandgap. Therefore, 2D semiconductors can have a strong interaction with light. On the other hand, the device thickness of 2DPDs is on the order of nanometers, which is much smaller than ≈λ 3 requirement of traditional thin-films. [27] For instance to detect a 5 µm infrared light using a traditional thin-film photodetector, a 5 × 5 × 5 µm 3 volume of absorption layer is needed. Hence, the dark current partially determined by the semiconductor volume would be much smaller if atomic-thin 2D materials are chosen and would be easier to be modulated by external filed. As a main noise of device, suppressing dark current is a key issue in the fabrication and optimization of photodetectors, especially for IR detection. Therefore, 2D semiconductors with ultrathin thickness and strong light-matter interaction have significant potential for photodetectors. In addition to the three points put forward above, 2D materials present other advantages such as good mechanical flexibility, large strain (>10%) and structure anisotropy. [29, 30, [48] [49] [50] Strain induced changes in electronic and optical properties have sparked interests for bendable and wearable devices. 2D crystals with anisotropic crystal structure such as BP and ReS 2 are inherently polarization-sensitive. [40, 51, 52] They are more appropriate for polarization photodetection.
2DPDs have developed rapidly over the past few years. Based on different structures and detection mechanisms, the performance of 2DPDs varies greatly. [20, 53] The materials are used for photoconductors, photodiodes, phototransistors, photothermopiles and bolometers. [54, 55] Key figures-of-merit are used to evaluate these photodetectors, as summarized in Table 1 . Responsivity (R), time response (τ) and detectivity (D*) are three common used parameters. A higher value for these parameters almost always means a higher performance. However, ultrahigh responsivity and ultrashort time response cannot be obtained at the same time in practice (see Figure 3 ). This will be clearly explained in Section 2.2 Photo gating Electric Field. For practical applications, a tradeoff between these parameters should be made. Table 2 shows additional performance details of various reported 2DPDs.
In spite of the many advantages, 2DPDs have their drawbacks. For instance, single-layer graphene has a high optical absorption coefficient, while it can only absorb ≈2.3% of incident light from visible to IR. [38, 97, 98] Though TMDs interact strongly with light, the remarkable exciton effect can greatly prevent the photogenerated electron-hole pairs from being separated into free carriers. [99] [100] [101] [102] Some 2DPDs have a large dark current and small light on/off ratio, leading to relatively low detectivity. To overcome these drawbacks, researchers have attempted diverse device structures and various enhancing methods.
In this paper, the recent progress on localized field enhanced 2DPDs covering the spectral range from UV to IR is reviewed. Instead of directly illustrating the detection mechanisms, the influence of device structure on photodetector performance is illustrated. A "localized field" can be either a localized electric field, a localized optical field or a localized temperature gradient field. A strong field in the microscopic local space can effectively tune the device performance by enhancing the light-matter interaction and controlling the charge carrier motion in 2D semiconductors. There are six kinds of localized fields to be discussed, including ferroelectric field, photogating electric field, floating-gate induced electrostatic field, interlayer built-in field, temperature gradient field and surface plasmon enhanced or microcavity concentrated optical field. In the following sections, how each of these localized fields can improve the device performance are introduced.
Six Types of Localized Fields

Ferroelectric Field
After the electrical hysteresis loop of the Rochelle salt was observed by Valasek in 1920, the concept of ferroelectric was subsequently proposed and has attracted wide attention. [103] In the past one hundred years, a number of materials have been demonstrated to be ferroelectric, such as BTO, PZT and poly(vinylidene fluoride-trifluoroethylene) (P(VDF-TrFE)). [104] [105] [106] These ferroelectric materials have been favored to fabricate electronic devices such as nonvolatile memory [107] [108] [109] and negative capacitance field effect transistors (NCFETs), [110] [111] [112] [113] owing to the spontaneous electric polarization and external electric field controlled ferroelectric hysteresis. Additionally, they can be appropriate gate dielectric to tune the carrier transport in the channel of field effect transistors (FETs). [114] [115] [116] [117] [118] [119] When combined with 2D materials, ferroelectric materials possess two superiorities. First, because the polarization-induced electric field near the surface of ferroelectric material is high and 2D materials happen to have an ultrathin thickness, the ferroelectric field can effectively act on the 2D material. Additionally, the ferroelectric field has two polarized directions. This is equivalent to selectively applying a positive or negative gate voltage to modulate the background carrier concentration. Second, since the ferroelectric polarization could be maintained without external voltage, the device has a low power consumption. 2DPDs often need to work at a large gate voltage, especially for the semimetal graphene. It has been demonstrated that a dual-gate structure is able to realize a p-n junction in graphene although this requires additional power. Baeumer et al. transferred graphene onto a LiNbO 3 substrates with up-and down-polarized periodicity. [120] According to the Raman G-band frequency map in Figure 4a and the averaged G-band peak curve over a dark and bright stripe in Figure 4b , the opposite polarization states successfully doped graphene into different types, indicating that a graphene p-n junction was obtained. The following photocurrent measurement directly depicts a maximum value at the domain wall, as shown in Figure 4c .
Taking advantage of the ferroelectric field enables an improvement in the detectivity. "Detectivity" represents the photodetection ability, and has an inverse correlation with the Noise-equivalent power. When the shot noise from dark current is considered to be the major factor limiting detectivity, the specific detectivity can be simply expressed as D* = R · A 1/2 /(2e · I dark ) 1/2 , as listed in Table 1 . Thereby a small dark current is desired. A research group from the Chinese Academy of Sciences have combined the P(VDF-TrFE) with 2D materials to fabricate FET photodetectors. [32, 72, [122] [123] [124] [125] In these 2DPDs, P(VDF-TrFE) is used as the gate dielectric because of its excellent ferroelectricity and transparency. The polarization of P(VDF-TrFE) can establish an ultrahigh local electrostatic field (≈10 9 V/m) on 2D material surface which is much larger than that produced by an external gate voltage in other FETs. Several 2D semiconductors such as GaSe, MoTe 2 , In 2 Se 3 and MoS 2 have been used to act as the channel. [74, 126, 127] In the case of MoS 2 photodetector driven by P(VDF-TrFE), as depicted in Figure 4d , an upward polarized MoS 2 photodetector displays much lower dark current Reproduced with permission. [32, 33] Copyright 2015, Wiley-VCH. Reproduced with permission. [34] Copyright 2016, American Chemical Socitety. Reproduced with permission. [35] Copyright 2015, Nature Publishing Group. Reproduced with permission. [36] Copyright 1999, Wiley-VCH. b) Band gap value of different 2D materials and their corresponding detection range.
(see Figure 4e ) than that of the fresh device. For this ferroelectric filed enhanced device, a photocurrent to dark current ratio (I on /I off ) of 10 3 , high detectivity of 2.2 × 10 12 Jones and responsivity up to 2570 AW −1 have been achieved at V ds = 100 mV and λ = 635 nm. [32] As mentioned above, because the long-duration polarized electrostatic field maintained in P(VDF-TrFE) can play the role of external gate bias, no external gate voltage is required during the photodetection process and only a small drain-source bias is needed to read the current flowing in the MoS 2 channel. Hence the power consumption of this type of photodetectors is ultralow.
More interestingly, an ultrahigh ferroelectric field may result in a narrower bandgap in 2D semiconductors. Wang et al. found that the response wavelength of the P(VDF-TrFE)-driven MoS 2 photodetector has been extended from 850 nm to 1550 nm, [32] as shown in Figure 4f . Compared to fresh MoS 2 flake, the photoluminescence (PL) peak of the MoS 2 device driven by upward polarization shifted from 678.46 nm to 687.26 nm, indicating a bandgap decrease and an additional simulation also demonstrated this point. Therefore, the ferroelectric field can not only suppress the dark current and improve the detectivity of 2DPDs, but also provides the possibility to extend their detection waveband through energy band engineering. The ferroelectric field enables the MoS 2 photodetector to have a photoresponse from visible to NIR, instead of being limited in the visible band determined by the intrinsic bandgap.
The pyroelectric property is another important characteristic of ferroelectric materials. Pyroelectric materials are good for thermal detection, since their polarization strength is sensitive to a temperature change. Recently, Sassi et al. fabricated a graphene MIR photodetector by transferring graphene onto a z-cut LiNbO 3 crystal and depositing a floating gate (see Figure 4g ). [121] The temperature change induced by IR radiation causes LiNbO 3 to generate a pyroelectric charge ΔQ on capacitor C 3 (see Figure 4h ). Consequently, an effective top-gate voltage of ΔQ/C 2 was generated on capacitor C 2 through the electrically floating gate structure. Thanks to this amplifying design (A C2 < A C3 ), a large temperature coefficient www.advancedsciencenews.com small 2017, 13, 1700894 Response time τ r /τ f s The rise/fall time is defined as the time for the photocurrent to increase/ decrease from 10/90% to 90/10%.
Dark current
The minimum detectable light power of a detector. It is equal to the light power when signal-to-noise ratio is 1.
Also can be expressed as
A is the effective area of the detector in units of cm 2 , R is the responsivity and i N is the noise current.
Specific detectivity (calculated)
Under the assumption that the noise from the dark current is the major contribution. A is the effective area of the detector in cm 2 . Where I P * is the photocurrent measured at a light intensity of 1 mW cm −2 . I D is the dark current. This equation is for estimation. Figure 3 . The photoresponsivity and the response time of photodetectors based on different 2D materials. [32, The up-left blank panel indicates the lack of photodetectors with both ultrahigh responsivity and ultrafast response speed.
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www.small-journal.com of resistance (TCR) of ≈900%/K was obtained, leading to a sensitive photoresponse to human hand (Figure 4i ). From the above discussion, these ferroelectric field enhanced 2DPDs show outstanding performance. It is obvious that the intrinsic property of ferroelectric materials is one reason for such high performance. However, it should be noted that the remarkable tunability of ultrathin 2D materials is also a key factor which cannot be ignored.
Photogating Electric Field
Photogating, as its name implies, is a phenomenon in which the device seems to be applied an additional local gate (ΔV g ) when under illumination. This localized field is crucial for tunable 2DPDs, because the resulted photocurrent is determined by I ph = g m × ΔV g (g m is the transconductance), which easily enables a high responsivity.
Trap-states induced long carrier lifetime is the main cause for this photogating effect. Considering a photoresponse process wherein N photons irradiate on a photoconductor per unit time, the photocurrent could be expressed as I ph = N⋅α⋅η⋅e⋅G, where α is the absorption coefficient, η is the internal quantum efficiency, e represents unit charge, and G is the photoconductive gain. G can be expressed as: [128] where τ r is the carrier lifetime, τ T is the carrier transition time, L is the transition length, µ is the carrier mobility, and V bias is the bias voltage applied on the device. The parameter τ r plays a very important role for its two side effects. According to the above equation, a longer carrier lifetime τ r can lead to a higher G. However, that also directly indicates a slower time response. In 2D materials and their hybrid systems, the photogating effect can happen in two cases. [129] [130] [131] In the first case, the electron-hole (e-h) pairs are generated in layered materials during light illumination, and one type of carriers is trapped by the localized states induced by nano-particles and defects. In contrast, in the second case the e-h pairs are generated in trap-states, and one type of carries is transferred to 2D layered materials whereas the other resides at the same place to modulate the layered materials. Due to the long carrier lifetime, utilizing the photogating field to enhance the sensitivity is at the cost of photoresponse speed. [132] [133] [134] [135] [136] In 2012, Koppens et al. improved the responsivity of graphene photodetector from ≈10 −2 AW −1 to ≈10 7 AW −1 by depositing PbS quantum dots (QDs) on graphene and demonstrated an ultrahigh gain of ≈10 8 in the visible waveband in the hybrid photodetector. [130] Figure 5a is the device schematic. It was found that after the quantum dots were deposited on graphene, the Dirac point of the graphene shifted from 120 V to 50 V, indicating a hole transfer from the graphene to the quantum dots. Thus, a built-in field is formed between graphene and QDs (Figure 5b (Figure 5b, bottom panel) . According to the definition of G, the lengthened electron life time along with the high mobility of graphene contributes to the high photogain in this device. In 2013, similarly, by introducing electron trapping centers and by additional band structure engineering of graphene, Wang et al. realized a mid-infrared graphene photodetectors with responsivity of 0.4 AW −1 at the wavelength of 10 µm. [137] Another experimentally designed graphene photodetector enhanced by photogating effect was reported by Zhong's group. [132] They inserted a thin tunnel barrier (5-nm-thick Ta 2 O 5 ) between a pair of stacked graphene monolayers. The top graphene layer acts as the gate and the bottom layer works as the device channel. The tunnel barrier is used to minimize the recombination of photoexcited hot holes and electrons. As shown in Figure 5c , under optical excitation, photoexcited hot electrons generated in the top layer tunnel into the bottom layer whereas holes are accumulated on the top layer. As a result, the photogating electric field induced the by positive charges in the top graphene layer efficiently modulated the conductance of the bottom graphene transistor. This device demonstrated room temperature photodetection from the visible to MIR range, with MIR responsivity higher than 1 AW −1 . In addition to the experimentally designed hybrid or hetero structures, photogating effect could take place in monolayer or multilayer 2D materials. In this case, since the trap states (nanoparticles, defects, surface states etc.) don't obey a specific spatial distribution, the photogating field is not so apparent and has no definite electric field direction. However, it does play a very important role. In 2016, Xia's group demonstrated a broadband photodetector sensitive from 532 nm to 3.39 µm by fabricating multiple interdigitated electrodes Reproduced with permission. [120] Copyright 2015, Nature Publishing Group. b) Graphene G-peak over a dark and bright stripe in (a) with the G-band frequency ω G = 1603.3 cm −1 and 1596.8 cm −1 for bright and dark stripes. [120] c) Photocurrent response of a ferroelectricity-induced p-n junction in graphene. [120] d) 3D schematic view of the MoS 2 photodetector gated by P(VDF-TrFE) with monochromatic light beam. Reproduced with permission. [32] Copyright 2015, Wiley-VCH. e) The output characteristics (at zero gate voltage) with three polarization states of P(VDF-TrFE). f) Photoresponsivity of an upward polarized MoS 2 photodetector as a function of light wavelength from 500 nm to 1550 nm. [32] g) Schematic of a graphene pyroelectric bolometer. Reproduced with permission. [121] Copyright 2017, Nature Publishing Group. (h) simplified working mechanism diagram for the device in (g). [121] i) Normalized current response of a graphene pyroelectric bolometer to thermal body radiation. [121] on multilayer BP with a thickness of ≈12 nm. [34] The net photocurrent peaks at the maximum transconductance (g m ) and slightly shifts to higher gate voltage with increasing incident power (Figure 5d ), indicating a negative photogating field induced by abundant trapped electrons. Owing to the short electrode spacing of 1 µm and high mobility of 300 cm 2 ⋅V −1 ⋅s −1 , the carrier transition time is on the order of nanoseconds, leading to a high photogain of more than 10 4 . Different than other photogating-based photodetectors, this BP photodetector shows no significant responsivity reduction when the incident light is chopped at 200 Hz compared to the DC responsivity, and the 3 dB cut off frequency reaches more than 1 KHz (Figure 5e ). This result reveals that the BP has mainly shallow traps. Thanks to this characteristic, a maximum responsivity of 82 AW −1 to the wavelength of 3.39 µm is achieved at 0.5 V bias and 1.6 nW incident power. Even at a high chopping frequency (>10 kHz), this BP photodetectors can still obtain a responsivity of 60 mA W −1 at 3.39 µm.
Floating-gate Induced Electrostatic Field
With the development of semiconductor electronics, the floating-gate memory concept, which was first proposed by Kahng and Sze in 1967, has been widely adopted in portable devices to obtain reliable and fast data storage. [138] [139] [140] [141] [142] Different from conventional FETs, floating-gate devices have an additional gate between the channel and control gate. The so-called floating gate is often used as a charge trapping layer. For decades scientists have devoted much effort seeking memory devices with higher storage density, optimal energy efficiency and minimized volume. 2D materials can also be good candidates for such a novel memory. As early as 2010, floating-gate memory devices based on reduced graphene oxide (RGO) were fabricated. [143] In this type of memory, RGO is used as the channel and an Au-nanoparticle (AuNP) layer acts as the floating gate. Though graphene has a high mobility, using graphene as the memory channel still suffers from the problem of small writing/erasing current ratio owing to the lack of bandgap. Hence other 2D materials such as MoS 2 have been developed to serve as the channel of floatinggate devices or are directly used as the floating gate. [144, 145] Floating-gate devices may be used for detecting photonic signals considering that the trapped charge between the tunneling layer and blocking layer could generate an electrostatic field to modify the channel conductance. In 2016, a floatinggate phototransistor based on WS 2 was designed to achieve highly sensitive visible light detection. [56] Figure 6a is the schematic diagram. Layers of WS 2 , with bandgap of ≈1.43 eV are transferred to SiO 2 to form the device channel. From bottom to top are Si, SiO 2 , WS 2 , HfO 2 (6.5 nm, tunneling layer), AuNPs (floating gate), HfO 2 and top gate, respectively. When a large positive top gate voltage is applied, many electrons from the device channel are found to tunnel into the AuNPs layer (see www.advancedsciencenews.com small 2017, 13, 1700894 Figure 5 . a) Schematic of a graphene-quantum dot hybrid phototransistor. Reproduced with permission. [130] Copyright 2012, Nature Publishing Group. b) Energy level diagram of the graphene-quantum dot interface. [130] c) Schematic of band diagram and photoexcited hot carrier transport under light illumination. Reproduced with permission. [132] Copyright 2014, Nature Publishing Group. d) Gate-dependent photocurrent measured under a wide range of incident optical powers (up panel). Transfer characteristic of the transistor for V DS = 200 mV (bottom panel). Reproduced with permission. [34] Copyright 2016, American Chemical Society. e) Photocurrent amplitude versus modulation frequency under various incident power. [34] the writing process in Figure 6a , top panel at right side). Since the barrier is high, these electrons are not able to go back to the channel after the gate voltage is removed, resulting in a floating-gate field which enormously suppresses the channel dark current (see dark line in Figure 6b ). For these WS 2 photodetectors, an ultra-low dark current of 10 −11 A and high responsivity of 1090 AW −1 are obtained under a low source/drain and a zero-gate voltage at the wavelength of 520 nm. This result reveals the potential of floating-gate devices for weak light detection. [146] However, because the barrier is not high enough, the number of leakage electrons increases in durations of the illumination, leading to an unstable dark current. Nevertheless, thanks to the fast erasing process (Figure 6b , bottom panel at right side) and stable erasing current, these devices are still possible for practical use. Note that, the trapped charge is gatevoltage-controlled through programing and erasing instead of photo-induced, therefore, the floating-gate field is essentially different from the photogating field.
Except for photodetection, storing photonic signals could be a novel function of floating-gate based 2D devices. In 2015, Jeong Ho Cho et al. have demonstrated a multifunctional graphene optoelectronic device, as shown in Figure 6c . [147] In their design, the organic semiconductor pentacene (bandgap ≈1.76 eV) was used to enhance the optical absorption and AuNPs acted as the electron-trapping layer. Interestingly, if the floating-gate structure determined by cPVP and AuNPs was ignored, the graphene/pentacene hybrid system would be a photogating enhanced phototransistor as discussed in the last section. And because the photo-induced charge can be trapped in the AuNPs by applying a gate voltage and cannot be released without the gate voltage modulation, this device is not only a photodetector in the visible range, but also able to store the photonic signal. Figure 6d shows the retention characteristics of the photocurrent. However, limited by the gapless graphene, the writing/erasing current ratio is not high. One year later, the same group reported a similar result using monolayer MoS 2 . [148] This device achieved a large writing/erasing current ratio of 10 7 , indicating a high sensitivity to store light information.
Interlayer Built-In Field
Reduced feature dimension in layered semiconductors gives rise to a stronger interaction among carriers. It is crucial to improve the separation efficiency of photoexcited e-h pairs. Building a p-n junction is a promising solution. Atomic-thin in-plane p-n junctions could be obtained by double gate tuning [149] as shown in Figure 7a . This has also been mentioned in Section 2.1 Ferroelectric Field. Note that 2D semiconductors are free of surface chemical dangling bonds. This allows the stacking of disparate materials, eliminating the constraints of crystal lattice matching. Therefore, the interlayer heterojunction, a vertical possible form of p-n junction in 2D systems, greatly makes sense. [43, [150] [151] [152] Van der Waals epitaxy (Figure 7b ) and artificial assembly (polymer free transfer process, see Figure 7c ) are two main approaches to obtain an interlayer heterostructure. [153, 154] Since 2D heterostructures have no requirement for lattice matching, the interlayer built-in electric field induced by band alignment can change sharply at the interface by particular stacking sequence of 2D materials. This field immediately separates photogenerated e-h pairs over the contacting interface, usually resulting in a high quantum efficiency (QE). Reproduced with permission. [56] Copyright 2016, Wiley-VCH. c) Schematic diagram of the multifunctional graphene optoelectronic device. Reproduced with permission. [147] Copyright 2015, American Chemical Socitety. d) Retention time of the graphene photodetector under various illumination powers. [147] and MoS 2 -MoSe 2 p-n junctions by CVD epitaxial growth and achieved an internal quantum efficiency (IQE) as high as ≈43%. [158] Kim et al. sandwiched a multilayer WSe 2 -MoS 2 p-n junction between graphene and achieved an external quantum efficiency (EQE) of ≈34% (Figure 7d ). [155] Moreover, the interlayer built-in field can be tuned by external gate filed. Duan et al. demonstrated a graphene-MoS 2 -graphene sandwiched heterostructure in the year of 2013, as shown in Figure 7e . [156] Under the bottom gate field, a monotonic band slope is formed through the two Schottky barriers in the ultrathin semiconducting layer. By dual-gate modulation, this photodetector exhibited a maximum EQE of 55% and IQE up to 85%. It should be noted that this ultrathin 2D system differs from the conventional diodes, because the (top and bottom) gate field can directly tune the system band slope and enables this device work at zero bias.
In addition to the high QE, a vertical heterojunction can achieve high responsivity. As an example, based on graphene-MoS 2 hybrid structure, Li et al. demonstrated an ultrahigh responsivity of 1.2 × 10 7 AW −1 [159] and Ghosh et al. obtained another ultrahigh value of 10 10 AW −1 . [160] The ultrahigh photoresponsivty could be ascribed to the ultrafast carrier separation and transfer time (≈50 fs). In this time scale, the life time of the photo-generated carriers is extremely long, resulting in a high gain. Generally speaking, a fresh and clean interface is essential for a vertical heterostructure to obtain a high responsivity. The clean and atomic sharp interface can be fabricated by polymer free transfer technology. [154] In addition to the well-exhibited QE and responsivity, Van der Waals heterostructure could enable a breakthrough in the detection range of 2DPDs, which is originally limited by the intrinsic bandgap of materials. Type-II band alignment could be a main source. In the case of MoTe 2 /MoS 2 heterojunction, [157] as shown in Figure 7f , the monolayer MoS 2 typically has a direct band gap of 1.8-1.9 eV and monolayer MoTe 2 has a direct band gap of ≈1.05 eV. However, photocurrent measurements of the MoTe 2 /MoS 2 heterostructure showed a distinct photoresponse at λ = 1550 nm which has a lower photon energy (≈0.8 eV) than both bandgaps of the two semiconductors. Moreover, the surface potential difference (SPD) of the MoTe 2 /MoS 2 heterostructure increased instead of being reduced when under 680 nm laser illumination. Both indicated a strong interlayer coupling induced type-II band alignment. More photogenerated electrons in MoTe 2 flow into MoS 2 when under laser illumination, rendering the Fermi levels of these two materials shifted to opposite directions and widening the work function difference. The MoTe 2 /MoS 2 heterostructure demonstrates that the interlayer interactions between 2D materials could be a crucial choice for designing infrared photodetectors with a broader photodetection range beyond the bandgap limitation. [161] [162] [163] At the end of this section the importance of the ultrathin thickness of 2D vertical heterostructures is emphasized. It is well known that monolayers and few layers of these 2D materials have drastically different properties. [164, 165] Thickness in 2D hybrid systems also plays a very important role. In graphene/MoS 2 /graphene van der Waals heterostructure, the carrier mobility in the vertical direction is usually several orders of magnitudes lower than that in the horizontal direction, which can seriously slow down the charge separation and accelerate the photocarrier recombination in the vertical heterostructures. Thereby thick MoS 2 is not a good choice. However, fewer layers of MoS 2 means weaker optical absorption. Then how to determine the thickness of MoS 2 ? Experimental results have demonstrated that compared to 7-layer MoS 2 , monolayer MoS 2 between graphene could www.advancedsciencenews.com small 2017, 13, 1700894 Figure 7 . a) Schematic of the WSe 2 monolayer device with split gate electrodes. Reproduced with permission. [149] Copyright 2014, Nature Publishing Group. b) Optical image of the monolayer WSe 2 -MoS 2 in-plane lateral heterojunction. Reproduced with permission. [153] Copyright 2015, American Association for Advancement of Science. c) Schematic of the van der Waals technique for polymer-free assembly of layered BN, graphene, and BN. Reproduced with permission. [154] Copyright 2013, American Association for Advancement of Science. d) Schematic and optical image of MoS 2 / WSe 2 junction sandwiched between top and bottom graphene electrodes. Reproduced with permission. [155] Copyright 2014, Nature Publishing Group. e) Schematic of the photocurrent generation process in the vertical heterostructures of graphene-MoS 2 -graphene device. Red and blue colors indicate electrons and holes, respectively. Reproduced with permission. [156] Copyright 2013, Nature Publishing Group. f) Schematic of a MoTe 2 /MoS 2 van der Waals heterostructure device under infrared light excitation and the interband excitation processes in device. Reproduced with permission. [157] Copyright 2016, American Chemical Socitety.
exhibit much more pronounced photocurrent. [166] The monolayer heterostructure showed a responsivity 7 times higher than that of a 7-layer device, and the IQE even reached 10 times. This can be understood because the atomic thickness gives rise to the sharply changed or discretized built-in field, and the asymmetric potential barriers enables a higher photo carrier extraction/collection efficiency.
Localized Optical Field
To enhance the optical absorption of 2DPDs is a key issue. Though 2D materials interact strongly with light, they absorb little due to the ultrathin thickness. Integrating 2D materials with external photonic structures is an effective solution. The most commonly used techniques are optical waveguide and optical microcavity. [167] [168] [169] [170] [171] Coupled ultrathin materials with the evanescent field of waveguide enables the optical absorption to no longer be limited by the light transmittance. However, the waveguide length could be a decisive factor. By integrating graphene with 100-µm-long silicon waveguide, as shown in Figure 8a-b , Liu et al. demonstrated a light modulation bandwidth of over 1 GHz with a broad operating spectrum ranging from 1.35 to 1.6 µm. [167] Wang et al. achieved a graphene/silicon-heterostructure waveguide photodetector with responsivity of 0.13 AW −1 for the 2.7 µm wavelength at room temperature. [169] By integrating BP with a silicon waveguide, Li et al. realized a photodetector working at telecom band frequencies with low dark current and broad optical bandwidth of over 3 GHz. [168] However these photodetectors depend mainly on the waveguide (length, modulation spectrum) and have an indirect photodetection. Using an optical microcavity can powerfully confine the light and enhance the optical absorption. For instance the Bragg microcavity and photonic crystal cavity can be used to realize a significant enhancement. [170, 171] Nevertheless, the bandwidth are enormously restricted owing to the resonant structure dimension.
Fabricating metal nanostructures on 2D material surface is another approach to enhance the light-matter interaction. [129, 173, 174] Surface plasmons (SPs), which are coherent delocalized electrons oscillations, are bound to the interface between any two materials with the opposite sign of the dielectric function's real part. [175] When the electromagnetic wave in the air or dielectric is coupled with the charge motion on the metal surface, surface plasmon polaritons (SPPs) are generated. SPPs are always shorter in the wavelength than the incident photons. Hence, they can have tighter spatial confinement and higher local optical field intensity. From this perspective surface plasmon-enhanced optical concentration can significantly aid the interaction between light and 2D materials. However, photons cannot directly couple to SPPs owing to the momentum mismatch. Periodic nano-metal structures are required to provide the mismatched wave vectors.
To overcome the poor light absorption of MoS 2 phototransistors, Miao et al. deposited a 4-nm-thick layer of Au nanoparticles onto few-layer MoS 2 (Figure 8c ) and a two-fold of photoresponse was observed. [33] Using periodic Au nanoarrays instead of random nanoparticles even gave out a threefold enhancement of responsivity (Figure 8d ). According to additional simulations of the optical field distribution, the light is trapped near the Au nanoplate and a highly concentrated electrical field component is distributed near the MoS 2 surface, which leads to a stronger light-MoS 2 interaction. More reported work with the similar principle, not only limited in 2D material system, also reveals the possibility of surface plasmon for enhancing optical absorption. [77, 176, 177] www.advancedsciencenews.com small 2017, 13, 1700894 Figure 8 . a) Schematic of a graphene-based waveguide-integrated optical modulator. Reproduced with permission. [167] Copyright 2011, Nature Publishing Group. b) The electric field distribution calculated by finite element simulation on cross-section of the device. [167] c) Schematic of Au nanoparticles-decorated few-layer MoS 2 phototransistors. Reproduced with permission. [33] Copyright 2015, Wiley-VCH. d) Photoresponse of bare (dark line) and Au nanoarrays enhanced MoS 2 photodetectors (red line). [33] e) Schematic of a nonamer antenna on single-layered graphene. Optical excitation at resonance results in the hot electron injection. Reproduced with permission. [172] Copyright 2012, American Chemical Socitety. f) Comparison between Dirac point shift and absorption cross section under different excitation wavelength ranging from 500 nm to 1100 nm. [172] In addition to improved interband photoresponse, hot electrons excited from metal nanostructures could be directly injected into the semiconductor, and this would cause performance changes beyond the bandgap limitation. [178] In 2012, Fang et al. achieved plasmonic antenna-pattern-induced doping of graphene. [172] Figure 8e is the schematic diagram of the antenna structure. Under illumination, the Dirac point shift is almost proportional to the simulated absorption cross section (Figure 8f ) and it reaches a maximum at the subradiant wavelength (≈780 nm). This work significantly demonstrated the remarkable influence on carrier concentration from the plasmonic-induced hot electrons. Another hot electron-based near-infrared bilayer MoS 2 photodetector was designed by Wang et al. [57] With the assistance of a plasmonic antenna array, the device achieved a strong response to the incident wavelength beyond the bandgap. Meanwhile, owing to the abundant trapping states of MoS 2 , the responsivity at 1070 nm reached 5.2 AW −1 , and this is totally attributed to the surface plasmon induced hot electrons injection.
The two mechanisms discussed above shed light on the feasibility of surface plasmon-enhance 2D photodetectors with higher responsivity and broader detection range. However, this is typically observed in visible and nearinfrared waveband. It is noteworthy that intrinsic plasmons exist in graphene and have been widely studied because of their potential applications. Different from the noble metal plasmon, graphene plasmons can be tuned by gating or doping. [179] [180] [181] [182] By fabricating bowtie antennas nanoarrays on large-area graphene, Emani et al. achieved gate electrical control of plasmonic resonances at a mid-infrared wavelength. [181] This opens a novel path towards broadband or multicolor photodetectors, rather than being restricted to only visible and near-infrared applications.
Photo-Induced Temperature Gradient Field
Non-uniform heating under light irradiation may cause temperature gradients which can generate photovoltage and drive carriers to flow under zero bias. This is termed the photo-thermoelectric effect (PTE). Basically, this mechanism is not preferred for photodetectors because light indirectly converts into electricity with a relatively slow process and without considerable efficiency. However, this effect still plays a role that cannot be ignored for 2DPDs, especially for the semimetal graphene. Xu et al. found that the PTE instead of the photovoltaic effect dominates the photocurrent at the single-bilayer graphene interface junction. [183] According to their experimental setup, if the photovoltaic effect was the main mechanism, a positive photocurrent signal indicating that electrons flow from bilayer to monolayer under a large positive gate voltage would be obtained. However, they obtained an opposite signal, which agreed with the direction of PTE-dominated photocurrent in which electrons flow from monolayer with lower density of states (DOS) to bilayer with higher DOS (See Figure 9a) . The PTE generated www.advancedsciencenews.com small 2017, 13, 1700894 Figure 9 . a) Photocurrent (PC) response at the center of the two graphene interfaces as a function of gate voltage (V g ). Reproduced with permission. [183] Copyright 2009, American Chemical Socitety. b) The blackbody thermal objective (left) and photocurrent signal image (right) obtained by graphene thermopile. Reproduced with permission. [187] Copyright 2015, American Chemical Socitety. c) Schematic of dual-gate graphene optoelectronic device. Reproduced with permission. [186] Copyright 2011, American Association for Advancement of Science. d) Time response of the graphene photo-thermoelectric detector to near infrared and THz source. Reproduced with permission. [188] Copyright 2014, Nature Publishing Group. voltage could be given by ΔV = (S 1 − S 2 ) · ΔT, [183] [184] [185] where S 1,2 is the thermoelectric power (or Seebeck coefficient) of the two graphene regions and ΔT is the temperature difference. Note that the key point of this work is that the bilayer and monolayer have a different thermoelectric power. Vertical dual-gate modulation is another effective method that can directly tune the Fermi level of graphene and generate inhomogeneous thermoelectric power. Gabor et al. demonstrated that in their dual gate-voltage controlled graphene p-n junction device (Figure 9b ), laser illumination (fixed at the junction area) induced photovoltage mapping exhibited a striking six-fold polarity pattern as a function of bottom and top gate voltage. [186] This is the signature of the PTE effect and illustrates that the graphene thermoelectric power is non-monotonic dependent on gate voltage.
The PTE in graphene is attributed to the hot carriers behavior. [184, 186, 189] This is different from conventional PTE induced by lattice heating. [190, 191] Hot carriers excited ultrafast by radiation can remain at a temperature higher than the lattice temperature for many picoseconds, and reach equilibrium with the lattice through electro-acoustic scattering on a nanosecond timescale. [192] [193] [194] [195] [196] [197] Though slower than photovoltaic effect, the graphene photodetectors based on PTE are still possible to be operated at a considerable bandwidth. Very recently, Schuler et al. designed a silicon waveguide integrated dual gate-voltage controlled graphene photodetector. [58] This device displays a 3 dB bandwidth of up to 65 GHz, which creates a new record for graphene based photodetectors.
Introducing a large photo-induced temperature gradient field is crucial for PTE based photodetectors. Dual gatevoltage control combined with thermal isolation could result in high performance. Hsu et al. fabricated a dual-gate graphene photodetector on thermal isolation stack of SiO 2 /SiN/SiO 2 and achieved a room temperature responsivity of ∼7-9 V/W at the wavelength of 10.6 µm. [187] Furthermore, this photodetector exhibits a detectivity of ≈10 8 cm⋅Hz 1/2 ⋅W −1 without optimized mobility of the graphene, and shows response to the human target. The right panel in Figure 9c is the black body irradiation imaging result of the object shown in the left panel. Freitag et al. partially suspended few-layer graphene over a trench (middle part suspended, the other part on silica substrate). [198] When a gate bias is applied, the Fermi levels of the suspended part and supported parts are not equal owing to the different dielectric materials (air/silica). Furthermore, because the substrate helps to cool the hot electrons faster, a large photo-induced temperature gradient field would be obtained. Based on this mechanism, a greatly enhanced responsivity was achieved compared to other PTE graphene photodetectors. Depositing asymmetric metal electrodes is another approach for PTE photodetectors. [188] First, the metal contacts could serve as a heat sink. When under illumination, a non-uniform electron temperature T(x) would be distributed and ∇T(x) presents a monotonic variation. Second, the different work function of asymmetric contacts would result in a Fermi level slope and a position-related thermoelectric power S(x). Therefore the thermoelectric voltage determined by ( ) V S T x dx ∆ = ∫ − ⋅∇ would be remarkable. Cai et al. used tilted-angle shadow evaporation to deposit Cr and Au as the asymmetric electrodes on graphene. [188] This PTE graphene photodetector is estimated to have an intrinsic response time of 30 ps and 110 ps for the NIR and THz light source, respectively (see Figure 9d ). Interestingly, early in Mueller's work, they fabricated asymmetric interdigital electrodes (Ti/ Pd) on graphene and demonstrated a photodetector with a 3 dB bandwidth of 10 GHz and responsivity of 6.1 mA W −1 . [59] They attributed this high performance to the photovoltaic effect. However, from the current view, the main contribution also could be originated from PTE.
Summary and Outlook
Six types of localized fields that can be used to enhance the performance of 2DPDs are reviewed. Among them, ferroelectric field, floating gate field and photogating field are often observed in 2D phototransistors. These three electric fields either suppress the dark current or improve the photogain. In other words, they can decrease the background noise and amplify the photo signal, revealing effective approaches towards higher photosensitivity. Moreover, there are other advantages such as low power consumption, wider waveband response beyond bandgap limitations, capability of photo signal storage and so forth. The interlayer built-in field is a particular electric potential distribution that only exists in 2D systems, because the surface of 2D materials is free of dangling bonds. Heterostructures (or p-n junctions) based on 2D materials are more likely to show high quantum efficiency, since the built-in field acting in an ultrathin thickness over a large contacting area cause the photogenerated e-h pairs to be separated more rapidly and with a higher efficiency. The localized optical field enables a stronger interaction between 2D materials and incident light and overcomes the adversity of poor optical absorption. The last temperature gradient field is applicable for PTE graphene photodetectors. The hot carrier assisted photodetection mechanism reveals the potential of graphene photodetectors with high bandwidth and impressive responsivity.
Introducing one localized field may only improve one special figure of merit. Therefore, the integration of different types of localized fields can lead to a higher performance. For example in the work of Ref. [121] , the core contribution is from the ferroelectric characteristic of z-cut LiNbO 3 crystal. However, this research group designed a floating gate structure to amplify the pyroelectric signal and utilized the photogating-similar work mechanism to modulate the graphene conductance. In Ref. [58] , the authors combined the localized optical field (silicon waveguide) and temperature gradient field (dual-gate control), achieving a satisfying responsivity of 35 mA W −1 at zero bias and ultrahigh bandwidth of 65 GHz. Therefore, the integration of different localized fields could be a promising way to improve the performance of 2DPDs from multiple levels. For future focal plane array based on 2D materials, in addition to the large-area growth methods the feasible and compatible processing technologies play a decisive role for stable and controllable devices. Hence, the integration of localized fields without too complex steps would hold the advantages for mass production and commercialization. Hopefully, the current silicon-based processing technologies could satisfy most requirements for fabricating 2DPDs enhanced by different types of localized fields or their integrations.
The localized field enhanced 2DPDs cover a wide response spectrum from UV, visible to IR and even THz and most of these devices function at room temperature. From the perspective of their merits such as responsivity, time response (bandwidth), detection wave range and detectivity, 2DPDs have a high potential for practical applications. From the current situation, the development of 2DPDs suffers challenges such as large-area growth of high-quality 2D materials, formation of low resistance contacts and realization of clean interfaces in heterostructures. [2, 199] 2D material have a long way to go. Nevertheless, 2D materials have their uniqueness and advantages as mentioned in this Review. A deeper exploration of 2D materials and wider applications based on 2D materials are envisagedview.
